Abstract: Polystyrene-block-polyisoprene with hydrogenated polyisoprene block (Shellvis 50) was sulfonated to a high degree (up to 42 mol% of styrene units) using acetyl sulfate as sulfonation agent in various chlorinated solvents. Membranes were prepared from the tetrahydrofuran solution of the sulfonated copolymer by casting. The membranes were characterized by conductivity and SAXS measurements.
Introduction
Block ionomers composed of a hydrocarbon block and an ionomeric block attract great attention because they combine the individual properties of ionomers and block copolymers. This combination may lead to unique morphologies, and solid and solution properties. Moreover, it is expected that some types of the block ionomers find applications as membranes in proton exchange membrane fuel cells (PEMFC). Sulfonated ionomers rank among the especially promising compounds. Of them, membranes made of Nafion resins containing perfluoroalkanesulfonic acid groups have an exceptional position, mainly due to their very high proton conductivities. On the other hand, stability of the Nafion membranes at higher temperatures and their methanol selectivity are insufficient. Therefore, many attempts have been made to replace commonly used, but expensive Nafion with other sulfonated (co)polymers. Thus, most of the known high-performance polymers have been converted to ionomers containing sulfonic acid groups [1] [2] .
Sulfonation with acetyl sulfate of styrene units in various polystyrene-based (co)polymers is one of possible methods leading to sulfonated ionomers. Thus, sulfonation of styrene homopolymer [3] [4] [5] [6] [7] , styrene-ethene (propene, butene) [8] [9] [10] [11] [12] [13] , styrene-butadiene [14] [15] [16] [17] , and styrene-isobutylene [18] [19] [20] copolymers has been described and the resulting sulfonated (co)polymers have been intensively studied.
We focused on the sulfonation of Shellvis 50, polystyrene-block-polyisoprene copolymer with hydrogenated polyisoprene block, composed of 35 wt% (27 mol%) of styrene, with acetyl sulfate in various chlorinated solvents. The main aim of our study was to synthesize the above copolymer sulfonated in the range of 1-15 mol% of total monomeric units, preferentially in the range 6-15 mol%, and to evaluate the role of solvent in the course of sulfonation. As the purpose of this study was the synthesis of a polymeric material usable for membranes in PEMFC, the sulfonated copolymer should be soluble in common organic solvents if we assume the membrane preparation by the solvent-casting method.
In this paper, the synthesis and characterization of the sulfonated polystyrene-blockpolyisoprene copolymer with hydrogenated polyisoprene block, soluble in tetrahydrofuran (THF), are described in detail. The structure of the modified copolymers has been qualitatively assessed by small-angle X-ray scattering.
Results and discussion

Synthesis, isolation and solubilization of the sulfonated PS-b-PIH copolymer
Sulfonation of styrene ring in polystyrene-based copolymers is usually accomplished in chlorinated solvents with acetyl sulfate as sulfonating agent according to the original procedure of Makowski et al [21] . Unfortunately, the above patent does not give sufficient details about the actual sulfonation procedure, isolation of the sulfonated product and its characterization. Thus, we decided to present the detailed information about this topic.
Acetyl sulfate, despite its toxicity, is preferred to other, mostly more efficient sulfonating agents (SO 3 , oleum, chlorosulfuric acid) mainly due to its small effect on the degradation of the polymer and on the sulfone formation leading to crosslinking [4] . It can be prepared by mixing sulfuric acid with acetic anhydride either separately (usually at temperatures below 10 °C) or in situ. A slight excess of acetic anhydride relative to sulfuric acid (Ac 2 O/H 2 SO 4 = 1.1-2.0) is usually used to scavenge a small amount of water present in H 2 SO 4 . On the other hand, a higher excess can lead to the side reaction, as reported in the literature [14] . The acetyl sulfate formation is an equilibrium reaction depending on temperature. Low temperatures (-5 to 0 °C) shift the equilibrium nearly completely in favor of acetyl sulfate, higher temperatures (above ca 20 °C) in favor of sulfuric acid.
( As the reported sulfonation efficiency of acetyl sulfate is usually low (often 20 % based on the amount of H 2 SO 4 used), an excess of acetyl sulfate with respect to styrene units is used to achieve the desired sulfonation degree [10] . Thus, solubility of acetyl sulfate in the used chlorinated solvent can also play a role. Solubility data of acetyl sulfate are not known, but it seems from all the literature that 1,2-dichloroethane is the solvent of choice for its preparation. On the other hand, solubilization of the starting copolymer can be accomplished in various chlorinated hydrocarbons, such as CHCl 3 , CH 2 Cl 2 or 1,2-dichloroethane. As these solvents differ in their dielectric permittivity and dipole moments, their solubilization ability for acetyl sulfate and the sulfonated product as well as sulfonation rates can be different.
In our experiments, we used polystyrene-block-polyisoprene with hydrogenated polyisoprene block as a model copolymer in sulfonation with acetyl sulfate (see Scheme 1). Our main task was to synthesize PS-b-PIH sulfonated to such a degree that could be used as membrane in PEMFC. In other words, the membranes made of the sulfonated copolymer must have good mechanical properties and sufficiently high proton (or ionic) conductivity (of the order of 10 -3 S cm -1 as the minimum). Moreover, the sulfonated copolymer must be completely insoluble in water and methanol, but, for the preparation of membranes by solvent-casting, it should be soluble in some of common organic solvents, such as THF. It seems that such criteria are met by PS-b-PIH sulfonated approximately of 6-11 mol% of all units, i.e., 23-42 mol% of styrene units. The copolymers with more than 42 mol% of styrene units sulfonated were only partially soluble in THF and membranes made of them did not have required mechanical properties. On the other hand, the copolymers with less than 23 mol% of sulfonated styrene units were much easier to isolate and purify, they were soluble in THF and insoluble in water, but the membranes made of them too exhibited low conductivity.
We preferred separate preparation of acetyl sulfate in 1,2-dichloroethane at 0-5 °C due to the more rigorous (probably more reproducible) reaction conditions and the molar ratio Ac 2 O/H 2 SO 4 = 2.0. For the above reasons, the sulfonation ratio (H 2 SO 4 /styrene) was varied in the range 1-3. Immediately or in seconds after mixing solutions of acetyl sulfate and PS-b-PIH copolymer, coloration of the reaction mixture occurred. The exact reason for this coloration, otherwise common during sulfonations, is not known to us. We also decided to check the role of different chlorinated solvents (CHCl 3 , CH 2 Cl 2 , 1,2-dichloroethane), usually used for the solubilization of the starting (co)polymer, on the course of the sulfonation. Thus, the sulfonation of PS-b-PIH proceeded smoothly in all the above solvents, but to different sulfonation degree depending on the particular solvent and sulfonation ratio (at similar reaction temperature and time; see Table 1 ). The sulfonation degree of the sulfonated PS-b-PIH was nearly the same (23-26 mol% of styrene units, based on 1 H NMR), regardless of the used solvent, at the starting sulfonation ratio H 2 SO 4 /styrene = 1. Contrarily, copolymers with different sulfonation degrees -42 mol% in CH 2 Cl 2 and 1,2-dichloroethane, 28 mol% in CHCl 3 -were obtained at the starting sulfonation ratio H 2 SO 4 /styrene = 2. Thus, the sulfonation efficiency of acetyl sulfate seems to be similar in all three solvents at H 2 SO 4 /styrene = 1, but it is higher in CH 2 Cl 2 and 1,2-dichloroethane than in CHCl 3 at H 2 SO 4 /styrene = 2. On the other hand, using the starting sulfonation ratio H 2 SO 4 /styrene = 3 is controversial. Thus, a copolymer with sulfonation degree equal to 29 mol% (i.e., with nearly the same value as at the sulfonation ratio H 2 SO 4 /styrene = 2) was obtained in CHCl 3 . In contrast, the copolymer sulfonation degree rose from 42 mol% to estimated 60 mol% in CH 2 Cl 2 .
We can only speculate that this was due to the solubility and/or different reaction rate reasons. With two exceptions (see Table 1 ), the reaction solutions were homogeneous and partially transparent after sulfonation. Despite immiscibility of the used solvents with water, we recovered the synthesized sulfonated copolymers by precipitation with water rather than with methanol, due to the suspension formation in methanol. After isolation (see Experimental section), the sulfonated copolymers were thoroughly freed of acetic and sulfuric acids by repeated washing with distilled water or reprecipitation in water.
Tab. 1. Sulfonation of PS-b-PIH.
We revealed that wet PS-b-PIH copolymer, sulfonated up to 42 mol% of styrene units, can be solubilized shortly after its isolation from water, in THF to 1-2 % w/v homogeneous, trasparent solution. Indeed, this coloured solution (yellow, orange or wine red, depending on the copolymer sulfonation degree) contained some water, but if it was used for copolymer reprecipitation, elemental analysis, measurement of NMR spectra and membrane formation shortly after its preparation, no problems arose. Prolonged storage of these solutions is under investigation. Unfortunately, only PS-b-PIH copolymers with low sulfonation degree (< ca 5 mol% of styrene units) can be reprecipitated from THF into water in such a way, as no precipitate was formed in the case of PS-b-PIH copolymers with higher sulfonation degrees. Generally, solubilization of sulfonated PS-b-PIH in organic solvents was problematic.
Once dried in vacuum at elevated temperature after their isolation, only copolymers with low sulfonation degree (< ca 5 mol% of styrene units) could be solubilized in THF to 1% (but not to 2%) w/v solution. Moreover, these dried copolymers became insoluble in THF and other solvents (dimethylformamide, THF/methanol, etc.) after prolonged standing in closed vials. Dried copolymers with higher sulfonation degree (> ca 5 mol% of styrene units) were insoluble in any solvent. Thus, the solubilization of wet high-sulfonated PS-b-PIH in THF is the only method leading to homogeneous solution.
Analysis of the sulfonated PS-b-PIH copolymer
Due to the insolubility of high-sulfonated (co)polymers in organic solvents, elemental analysis of dried (co)polymers is frequently used to determine sulfonation level. Lowsulfonated soluble (co)polymers can be analyzed also by 1 H NMR or by titration. For various reasons, the sulfonation degrees of a particular soluble (co)polymer calculated both from 1 H NMR spectra and elemental analysis and/or titration can differ [4] . In our case, the sulfonation degrees of sulfonated PS-b-PIH, determined by the above methods, were in fair agreement (Table 1) . The accuracy of elemental and 1 H NMR analyses could be influenced by hygroscopicity of the sulfonated copolymer and by signal overlap, respectively. The new signal corresponding to aromatic protons adjacent to SO 3 H group (signal a) appeared in the 1 H NMR spectrum of highly sulfonated PS-b-PIH (Fig. 1) . The intensity of this signal and of two remaining signals in the aromatic region (signals b and c, corresponding to aromatic protons in meta/para position in non-sulfonated styrene units and to aromatic protons in ortho position in sulfonated and nonsulfonated units, respectively) were used for the calculation of sulfonation degree according to the following equation. Unfortunately, the 1 H NMR signal corresponding to aromatic protons adjacent to SO 3 H group in low-sulfonated (< ca 5 mol% of styrene units) PS-b-PIHs was too small to be of use in calculation of the sulfonation degree.
Conductivity measurements of the membranes made of sulfonated PS-b-PIH copolymer
We also checked the ionic conductivities and permselectivities of membranes, made of selected sulfonated PS-b-PIH copolymers by solvent-casting from their THF solutions (see Table 2 ). On one hand, both areal resistance and resistivity were sufficiently low to use the membranes as active barriers in electrochemical operations. On the other hand, low permselectivities show that low membrane resistivities were not the consequence of high fixed charge concentration (in mol/1000 g of water) in membranes but more or less the effect of a combination of rather high porosity and fixed charge. Simply, membranes swelled too much. Nevertheless, their relatively high ionic conductivities (reciprocal values of AC resistivity; 1.59 x 10 -3 -5.15 x 10 -2 S/cm -see Table 2 ) are very promising.
Tab. 2. Conductivity measurements of membranes made of sulfonated PS-b-PIH.
The ideal (Nernstian) concentration potential (E 0 ) on a membrane in contact with 0.5 and 0.1 M KCl is 37.072 mV. The found potentials E conc. were in the range 18. The sulfonated block copolymers were investigated by X-ray scattering in dry state and equilibrium-swollen with water. Figure 2 shows the intensity profiles for various degrees of sulfonation. A first-order diffraction peak is always observed on the scattering curves. Despite some scatter in the experimental data, the position q 0 of this peak moves systematically to larger values with increasing degree of sulfonation. This corresponds to a decrease in the characteristic distance d of the structure as displayed in Figure 3 . Second-order diffraction peaks have been observed only on some samples which show that the long-range structure of these materials is not very pronounced in the as-prepared polymers. Additional treatment leading to better selforganization of the polymers will be described elsewhere [23] . Figure 4 shows the scattering curves for the samples of the polymers with the lowest and highest degree of sulfonation. A second-order peak is observed at a position 2q 0 that corresponds to lamellar morphology of the polymer. A lamellar morphology was therefore assumed for all the samples studied and the relation d = 2π/q 0 was used in calculation of the characteristic dimension of the structure, d. The curve for the sample 29 (degree of styrene sulfonation 42 %) in Figure 4 was measured with the small scattering vector instrument that provides access to very small values of scattering vector q. An important increase in intensity at q smaller than 6 x 10 -3 Å -1 is observed. A similar effect has been documented previously in polymer systems by neutron scattering and is due to the polycrystalline structure of the samples at large distances [24] . A simple method of sulfonation of PS-b-PIH with acetyl sulfate giving high sulfonation degrees was described. The efficiency of the sulfonation was found to depend on the used solvent and starting sulfonation ratio. Solubilization of the copolymer sulfonated up to the degree 42 mol% of styrene units in tetrahydrofuran gave homogeneous solutions. Ionic conductivities of membranes, made of the high-sulfonated copolymer, were of the order of 10 -2 S/cm. Lamellar morphology of the polymer structure does not change on sulfonation, but the characteristic period of the structure decreases with increasing degree of sulfonation.
Experimental part
Materials
-Reagents
Sulfuric acid (96 %, Fluka), acetic anhydride (Ac 2 O; min. 99 %, Fluka), propan-2-ol (min. 99 %, Lachema) and tetrahydrofuran (THF; min. 99 %, Lachema) were used as received. 1,2-Dichloroethane (min. 99 %, Lachema) was dried with molecular sieves. Chloroform (99 %, Lachema) was stirred with anhydrous CaCl 2 overnight and then distilled with CaH 2 . Dichloromethane (min. 99 %, Lachema) was distilled with CaH 2 . All reactions were carried out under purified argon.
-Starting polymer Shellvis 50 (Shell Co., polystyrene-block-polyisoprene with hydrogenated polyisoprene block, PS-b-PIH), M n = 94000, M w /M n = 1.1, 35 wt% (27 mol%) of styrene, was dried under vacuum at 60 °C for at least 5 h before use.
Synthesis and isolation of sulfonated copolymers
Typical example for the sulfonation ratio H 2 SO 4 /styrene = 2 and reaction temperature 50 °C.
Dried PS-b-PIH (1 g, 3.36 mmol of styrene) was solubilized in 17 ml of chosen chlorinated solvent (CHCl 3 or CH 2 Cl 2 or 1,2-dichloroethane) and heated at 50 °C under argon in an oil bath. Solution of acetyl sulfate in 1,2-dichloroethane was prepared by adding H 2 SO 4 (0.375 ml, 6.72 mmol) to a stirred cold (0-5 °C) mixture of 1,2-dichloroethane (1.268 ml) and acetic anhydride (1.268 ml, 13.44 mmol). After 10 min stirring at 0-5 °C, the clear solution was added to the solution of PS-b-PIH and the mixture was stirred under argon at 50 °C for 3 h. Immediately after mixing the solutions, the reaction mixture darkened, but remained homogeneous in most cases and sometimes partially transparent. After 3 h, the reaction mixture was cooled to RT, terminated with propan-2-ol (0.52 ml, 6.75 mmol) and precipitated by injection into 200 ml of distilled water under stirring. The solvent and other volatiles were slowly evaporated from the resulting slurry under vacuum at room and than at elevated (40 °C) temperature. The resulting ochreous crumb precipitate was filtered with paper filter and thoroughly washed with plenty of distilled water until the neutral wash. After short (ca 10 min) drying at RT the isolated product, still wet, was solubilized in 50-100 ml of THF. The resulting coloured, transparent and homogeneous solution (c = 1-2 % w/v) was stored in tightly closed vials in the dark. The stock solution, containing some water, was then used for both 1 H NMR and elemental analysis of the sulfonated copolymer and for preparation of membranes (see Measurements).
Measurements
-Elemental analysis
The stock tetrahydrofuran solution (2-5 ml) of the sulfonated diblock copolymer was evaporated to dryness, the crude sulfonated copolymer adhering to glass was loosened by adding distilled water and, after filtration, the copolymer was dried at 40 °C under vacuum for at least 24 h. The resulting dark brown lumpy product was analyzed for sulfur by the Schoeniger method and the sulfonation degree (mol% of sulfonated units) was calculated.
-NMR 1 H NMR spectra of sulfonated copolymers were measured in THF-d 8 in 5-mm glass tubes with a Bruker DPX 300 spectrometer at frequency 300.1 MHz with an internal deuterium lock. The number of data points was 32 000, repetition delay 10 s, temperature 330 K and the number of FID accumulations was 64 to obtain a good signal-to-noise ratio. Hexamethyldisiloxane (HMDS) was used as an internal standard (δ = 0.05 ppm relative to tetramethylsilane).
A stock tetrahydrofuran solution (ca 1 ml) of the sulfonated diblock copolymer was transferred into NMR glass tube, evaporated nearly to dryness at RT and the solid was solubilized in THF-d 8 . The resulting transparent, homogeneous solution was measured and the sulfonation degree was calculated.
-Membrane preparation Stock THF solutions of the sulfonated copolymers have been used for casting the membranes. Typically, 4 ml of the solution was poured into a Petri dish with diameter 30 mm, partially covered with a larger Petri dish and left to evaporate at room temperature for 6 h. The resulting membrane was peeled of the glass surface by soaking it with water and then it was dried in vacuum at room temperature for at least 12 h. The membrane thickness was measured in the dry state using a digital micrometer.
-Electrochemical measurements Circular samples were cut out from membranes with a chisel. The samples were conditioned in 1.0M HCl, 1.0M KOH, again in HCl, KOH with washing in water after each bath. Finally, samples were washed in water until the washings were neutral. Then the samples were equilibrated in 0.5M KCl.
Membrane resistance in 0.5M KCl was measured at 25 °C in a universal cell, both in the alternating electric field 4 kHz of a conductometer Philips PW 9527, and in the direct electric field 10 mA (12.73 mA/cm 2 ) generated by a stabilized constant current source of own design. The voltage drop on the membrane in the DC current was detected by standard electrodes (AgAgCl in saturated KCl solution) and measured with a digital voltmeter Meratronic V544 (Poland). The electrodes were of a low-outlet type, supplied by Labio, Prague. Electric current was introduced into the solution by a pair of bright platinum electrodes with dimensions 1x1 cm. Direct current was measured with a Hewlett Packard Multimeter 34401A. Solutions in the cell were thermostatted with a Julabo thermostat with electronic control. Resistance measurement was followed by concentration potential determination: In one chamber of the cell, the 0.5M KCl was changed for 0.1M KCl and after stabilizing the concentration gradient in the membrane (2 h stirring), pretempered fresh 0.1 and 0.5M KCl solutions were placed in contact with the membrane. The concentration potential was measured 10 times with standard electrodes and the Meratronic voltmeter, then the position of electrodes was interchanged and potential was measured again 10 times. By this commutation of electrodes their asymmetric potential was eliminated. The average values of all measurements were the results.
-Small-angle X-ray scattering SAXS measurements were performed on two different instruments. For a part of the samples a Nanostar-U instrument was used (Bruker AXS), with a HiSTAR 2-D detector positioned at the distance 1070 mm from the sample. The X-ray source was a Cu-anode tube yielding a beam with wavelength 1.54 Å, the primary optics was equipped with Goebel mirrors. The resulting 2-D images were found to be isotropic in all cases; the data were azimuthally averaged to yield an intensity vs. q scattering curve. Here q is the scattering vector, (4 / )sin( / 2) q π λ θ = with θ the scattering angle.
The scattering experiments were performed at room temperature. The polymer samples were sealed in 2-mm capillaries which were placed in the evacuated chamber of the instrument.
